Abstract
vision [5, 6] , and sensitivity changes during retinal disease [7, 8] . 35 The specific techniques employed in these studies, using two (or more) beams of 36 light of different wavelengths for imaging and stimulation, are faced with a 37 particular challenge arising from the chromatic dispersion characteristics of the 38 human eye. Due to dispersion, light of different wavelengths will be focused axially 39 displaced (termed longitudinal chromatic aberration, LCA) [9] , and if incident at an 40 oblique angle, focus points will also be laterally displaced (termed transverse 41 chromatic aberration, TCA) [10] . 42
The magnitude of LCA is relatively consistent across the population [9,11] and 43 across the field of view [12, 13] , thus it can be corrected sufficiently for most eyes by 44 adjusting the relative vergence between beams of different wavelength. In an 45 AOSLO system, this is currently achieved by a coaxial displacement of the light 46 sources' entry points. 47
By setting the light sources at different distances, transverse chromatic offset (TCO) 48 is induced in the eye. These lateral offsets in focus position on the retina have two 49 origins. One is the imperfect axial positioning of the two (or more) beams. The 50 second is of ocular origin, and closely related to TCA. When the eye is moved 51 laterally in front of the displaced beams, their focus location will move laterally on 52 the retina as a linear function of eye position, akin to a chromatic parallax. The 53 magnitude of this offset is identical to TCA but opposite in sign [14] . 54
In an AOSLO, TCO can be directly measured by spatially registering simultaneously 55 recorded retinal images with the two (or more) wavelengths. This method allows a 56 determination of TCO of the order of arcseconds but requires high light intensities 57 massively bleaching the photopigment and leading to strong fluctuations in retinal 58 adaptation [14] . Therefore, continuous or repeated measurements of TCO during 59 psychophysical sessions are unfeasible. 60
In earlier studies, TCO was thus statically compensated by assuming no lateral eye 61 motion between measurements before and after an experimental run. This was 62 only valid as long as the cone photoreceptor diameter at the targeted eccentricities 63 was large enough to allow typical residual head and eye movement which would 64 displace the stimulus within the cone' To correlate image-based measurements of TCO to eye position changes, a 20 sec 168 dynamic calibration sequence was performed. During recording, the head (and 169 therefore the eye) was moved in a somewhat random pattern with an extent of 170 about ± 0.2 mm in each direction by manually turning the knobs of a XY micrometer 171 stage attached to the bitebar. Meanwhile, the participant fixated on a target 172 ensuring video acquisition of the same retinal location which was at ~0.4 degree 173 eccentricity. Reminiscent of a clapperboard in film industry, we modulated the 174 AOSLO beam through three quick full on and off cycles to flash the imaging beam at 175 the beginning and at the end of the recording, a signal which could be accurately 176 assigned to a single frame in both data streams. TCO video data and eye tracking 177 data were processed offline with a custom Matlab (Mathworks, Inc.) software in 178 three steps ( We validated TCO estimation in a psychophysical experiment with three 219 participants. The participant's task was to manually align their head in front of the 220 AOSLO beam such that the features of a two-color centroiding stimulus produced in 221 the AOSLO imaging raster were aligned. The stimulus feature offsets (a 2.3 arcmin 222 dot of 543 nm light shown within a black target within the 840 nm imaging raster) 223 were randomly chosen from sixteen offsets in a 4-by-4 grid with 0.4 arcmin spacing. 224
Each offset was presented 6 times, for a total of 96 trials of subjective alignments. 225
By the push of a button, the participant confirmed the correct alignment, the 226 current Purkinje image location was stored, and a new stimulus offset presented. When image quality decreased, the TCO computation algorithm produced an 259 increasing number of noisy data (Fig.3, 4th column) . We found that in order to 260 ensure a reliable calibration, the percentage of used samples should exceed 33%. 261
The second metric, Q80, should exceed 0.3 mm in vertical and horizontal direction 262 for a successful calibration (see an example of this metric taking effect in Fig. 3, last  263 column). The third metric, R2, was mostly greater than 0.96 and calibration 264 sequences with R2 > 0.9 were considered to be sufficiently accurate. 265
Based on a chromatic model eye describing the relationship between LCA, TCA and 266 eye position [17], we expected the correlation between eye lateral position and 267 TCO to be linear (equation (2)). We found the slope, m, of the linear regression was 268 constant across eyes but different for horizontal and vertical shifts. Considering the 269 median slope of three consecutively recorded calibrations in each eye, the mean 270 slope for horizontal eye shifts was 3.55 ± 0.08 arcmin/mm and 3.43 ± 0.12 271 arcmin/mm for vertical eye shifts across subjects (Fig.4 A) . By pairing horizontal and 272 vertical data for each eye, this difference was significant (p = 0.02, Wilcoxon signed 273 rank test). The absolute offset, b, of the linear regression was found to vary across 274 participants, reflecting an idiosyncratic component of TCA (Fig. 4B ). Because we also 275 tracked the pupil's center during calibration we could compute TCO values when 276 the pupil was computationally centered on the beam (Fig. 4C ). 277 TCO for the one left eye tested had the opposite sign, as expected. Finally, we 282 calculated angle Kappa for each participant (Fig. 4D ) and found a strong correlation 283 between the TCO calculated for the centered pupil position and Kappa (Fig. 4E,F) . 284
The To estimate measurement error of our eye tracking based method, we compared 20 288 consecutively recorded calibration sequences of one eye with each other (Fig. 5) . 289
The 0.9 quantile of the framewise calculated difference between estimated and 290 measured TCO was 1.04 pixel (0.10 arcmin) and 0.66 (0.07 arcmin) for horizontal 291 and vertical axis, respectively (Fig. 5A,B ). Exceptions were single events -292 presumably due to eye blinks or bad image quality -which could be as high as 2 293 pixel (0.2 arcmin) (Fig. 5B) . By comparing each data set with each other in all 294 possible pairwise combinations disallowing redundancy, 190 error sets containing a 295 total of 88,266 error frames could be analyzed (Fig. 5C ). As an estimate of precision 296 we calculated the area containing 95 % of all data points in a plot of positional error 297 in both spatial dimensions between estimated and measured TCO. The extent of 298 this area was ± 0.15 arcmin along the horizontal and ± 0.12 arcmin along the vertical 299 axis. The area containing 50 % of all positional errors had a width of ± 0.07 arcmin 300 and a height of ± 0.05 arcmin. To analyze the repeatability of measurement, we first 301 determined the average eye position across all 20 calibrations. This value was 302 plugged in for each calibration function to calculate the TCO estimate for this 303 position (Fig. 5D) Finally, a subjective validation experiment addressed the psychophysical 340 component of the TCO estimation. Three participants were asked to adjust their 341 head position in front of the AOSLO beams to align a centroid stimulus containing 342 controlled chromatic offsets (Fig. 6A) . TCO estimation quality was assessed by 343 comparing the applied chromatic stimulus offset with the resulting TCO estimated 344 from the participant's self-adjusted eye position (Fig. 6B) the TCA-inducing beams relative to the eye's optics -and not its pupil -is more 378 relevant [24] . So far, correlations of pupil position with chromatic offsets were not 379 sufficiently accurate to allow for TCO compensation with photoreceptor 380 resolution [19] . We argue that the pupil center is not an appropriate proxy of TCO, 381 because the axis defined by the pupil center can shift with respect to the visual axis, 382 e.g. during pupil constriction and dilation [25] . Typical pupil trackers determine the 383 pupil's center applying a circle fit, which is sensitive to errors because circularity of 384 the pupil changes with pupil size. Micro fluctuations of pupil size are abundant, and 385 the size changes dramatically during cycloplegia [26], a dynamic and reversible 386 situation which state is usually uncontrolled for during microstimulation 387 experimentation. In our approach, we use the first Purkinje image, the reflection of 388 the front surface of the cornea, of the AOSLO beam as the tracking signal for eye 389 translation changes. The location of this reflection depends on both the absolute 390 position of the eye relative to the light source and camera as well as the rotational 391 state of the eye. In relationship with the positional changes of the pupil center 392 during eye rotation, it can therefore also be used as a gaze signal [27] . 393
In our setup, with a static camera coaxially aligned to the light source, lateral head 394 and eye shifts as well as rotation of the eye ball will move the Purkinje image. 395
Purkinje image movement caused by gaze shifts could induce an error in our TCO 396 estimation, because measures of TCO changes with retinal eccentricity [28] . Eye ball 397 rotation occurs in two different cases and in both cases we used the Hirschberg 398 ratio to estimate the magnitude of eye rotations induced errors. The individual 399
Hirschberg ratios of four eyes measured with our eye tracker were 12.2 400 degree/mm, 13.5 degree/mm, 13.6 degree/mm, and 13.7 degree/mm (average 401 13.3 degree/mm (data not shown here)), in good accordance with values found in 402 the literature [22, 29] . In the first case, gaze changes occur due to the lateral head 403 motion during calibration while the participant maintains visual fixation of a static 404 visual target. Shifting the head by 0.4 mm in one direction will induce a rotation of 405 the eyeball of 0.05 degree. This angle will move the Purkinje image about 0.0038 406 mm or 1/10 of a pixel in the camera image, and is thus negligible. In the second 407 case, fixational eye movements during calibration or later compensation will shift 408 the Purkinje image with a ratio of about 2.5 pixel per degree of gaze shift. 
